Alternative pre-mRNA splicing (AS) produces multiple isoforms of mRNAs and proteins from a single gene. It is most prevalent in the mammalian brain and is thought to contribute to the formation and/or maintenance of functional complexity of the brain. Increasing evidence has documented the significant changes of AS between different regions or different developmental stages of the brain, however, the dynamics of AS and the possible function of it during neural progenitor cell (NPC) differentiation is less well known. Here, using purified NPCs and their progeny neurons isolated from the embryonic mouse cerebral cortex, we characterized the global differences of AS events between the 2 cell types by deep sequencing. The sequencing results revealed cell type-specific AS in NPCs and neurons that are important for distinct functions pertinent to the corresponding cell type. Our data may serve as a resource useful for further understanding how AS contributes to molecular regulations in NPCs and neurons during cortical development.
Introduction
Alternative precursor-mRNA (pre-mRNA) splicing (AS) is a key regulation in mammalian gene expression, generating diverse mRNA and protein isoforms. AS is especially prevalent in the mammalian brain and is thought to contribute to the establishment and/or maintenance of functional complexity of the brain Zheng and Black 2013; Raj and Blencowe 2015; Vuong et al. 2016 ). Indeed, multiple transcriptome studies of mammalian brains have uncovered significant differences of AS amongst various brain domains (Johnson et al. 2009; Ayoub et al. 2011) , cortical layers (Belgard et al. 2011) , developmental stages (Dillman et al. 2013; Yan et al. 2015) , or neuron and glia cell types (Zhang et al. 2014 ). In addition, misregulation of AS is linked to specific neurological diseases (Faustino and Cooper 2003; Licatalosi and Darnell 2006) , further suggesting the importance of AS in the normal function of the brain. To better understand the biological importance of AS in brain development and function, data documenting the in vivo status of AS during temporal progression of cellular specifications and between distinct neuronal cell lineages are essential, however, such data are still limited due to the technical difficulties in obtaining purified neural progenitor cells (NPCs) or distinct neuronal cell types. In a recently study, AS was examined in a cellular specification model of the mouse cerebral cortex, based on an Eomes-GFP transgenic reporter-mediated isolation of NPC and neuron populations . While the study identified many differentially spliced genes between the 2 cell populations, the possible inclusion of other types of cells within the isolated Eomes-GFP negative NPC population might limit identification of the full scope of differential AS events between NPCs and neurons during cortical neurogenesis. We previously designed a dual reporter strategy by labeling NPCs with GFP and differentiated daughter neurons with RFP in transgenic animals to enable effective simultaneous isolation of NPCs and neurons from the embryonic cortex (Wang et al. 2011; Hahn et al. 2013) . Using this system, we investigated the dynamics of AS comparing purified NPCs and neurons. We present results revealing cell type-specific AS in NPCs and neurons and the potential functional implications in cortical neurogenesis.
Materials and Methods

Animals
Nestin-GFP and Dcx-mRFP transgenic reporter mice were previously described (Wang et al. 2011; Hahn et al. 2013) . The DcxmRFP reporter line can be obtained from The Jackson Laboratory, C57BL/6J-Tg(Dcx-mRFP)15Qlu/J (Stock# 24905). Animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) and were carried out in accordance with NIH guideline and the Guide for the Care and Use of Laboratory Animals.
FACS-Mediated Purification of Cortical NPCs and Neurons
Purification of E15.5 cortical cells using a double reporter strategy was done as previously described (Wang et al. 2011; Hahn et al. 2013) . Briefly, heterozygous Nestin-GFP mice were bred with homozygous Dcx-mRFP mice to yield GFP/RFP double positive embryos. The cortices derived from the double positive embryos were dissociated by trituration in HBSS (Mediatech) with 5 mM of EDTA (Invitrogen) and 25 μg/mL of DNase I (Roche). Cells were washed once using HBSS with 12.5 μg/mL of DNase I and resuspended in DMEM/F12 (Mediatech) with 12.5 μg/mL of DNase I and 5% BSA (Sigma-Aldrich). FACS was performed with a 4-laser BD FACSAria™ III System (BD Biosciences). Cell debris and doublets were excluded with gating of forward scatter, side scatter and pulse width. Sorted cells were collected into DMEM/F12 with 5% BSA. 
RNA-seq
NPCs and neurons purified from E15.5 cortical cells were accumulated in duplicate samples, and total RNAs were isolated using Trizol reagent (Invitrogen). RNA-seq was done by the Integrative Genomics Core at City of Hope. Paired End libraries were prepared, size selected, gel purified and sequenced using Illumina HiSeq2000 system following the manufacturer's protocols (Illumina).
RNA-seq Data Analysis
The paired-end reads were aligned to mm9 genome assembly using Tophat v2 with default settings. In total, 37-40 millions of reads were sequenced with all samples. In one sample of NPCs, out of 39 006 345 aligned reads, 73.6% were mapped to exon region of RefSeq genes and there are 319 183 reads spanning exon junctions. In one sample of neurons, 73.3% of 37 748 810 aligned reads were aligned to exon regions, and 324 689 reads spanning exon junctions. The alternative splicing (AS) events were identified using MATS v3.0.8 with default settings. AS events with false discovery rate (FDR) ≤ 0.05 and the absolute value of inclusion level difference (|IncLevelDifference|) ≥ 0.1 were considered significant.
Results
We isolated NPCs and neurons from the embryonic day 15.5 (E15.5) cortices of the Nestin-GFP/Dcx-mRFP reporter mice ( Fig. 1A and B). Total RNA from duplicate cell samples were extracted and pair-end deep RNA sequencing was performed. Analyses of the sequencing data confirmed specific expression of NPC markers and neuron markers in the respective cell population ( Fig. 1C) , consistent with our previous transcriptome study of purified NPCs and neurons by microarray (Wang et al. 2011) . In addition, the data showed that the sequenced reads were mostly mapped to exons and that duplicate samples were highly consistent ( Fig. 1D and E).
To identify differential AS between NPCs and neurons, we applied multivariate analysis of transcript splicing (MATS) to the sequencing data. By setting the FDR ≤ 0.05 and the absolute value of inclusion level difference (|IncLevelDifference|) ≥ 0.1, we identified 84 and 176 differential skipped exons (SE) from NPCs and neurons, respectively ( Fig. 2A) . Table 1 listed the NPC-specific skipped exon events. We also identified other types of splicing forms, such as retained intron (RI), alternative 5′ splice site (A5SS), alternative 3′ splice site (A3SS) and mutually exclusive exons (MXE). These differential splicing events were summarized in Figure 2A and detailed information of genes/events was included in the Supplementary Table S1 . Figure 2B -D illustrated several examples of genes showing differential AS between NPCs and neurons. Dst and Map3k7 have one exon (green rectangular box) expressing higher in NPCs while relatively low in neurons (Fig. 2B ), indicating this exon was mostly skipped in neurons comparing with NPCs. An exon in St7 and Dtnb (red rectangular box) was mainly present in neurons but was skipped in NPCs (Fig. 2C) . In all cases, other adjacent exons were expressed at similar levels in both cell types. Ablim1 was identified as SE both in NPC and in neuron groups. The Ablim1 gene track showed one exon (green rectangular box) highly expressed in NPCs and one nearby exon (red rectangular box) primarily expressed in neurons (Fig. 2D) . These results suggested that the identified AS events reflected differential exon expression levels between NPCs and neurons based on the sequencing data. To further validate the identified AS events, we performed reverse transcription-coupled polymerase chains reaction (RT-PCR). We selected 18 NPC-specific SE genes, 16 neuron-specific SE genes, as well as 3 genes showing SE events in both cell types. PCR primers spanning the skipped exons were specifically designed (Supplementary Table S2 ). Total RNAs were extracted from newly purified E15.5 NPCs and neurons in duplicates. RNAs from total cortical cells derived from the E15.5 cortices without FACS sorting were used as control. Samples with the same amount of total RNA were then used for reverse transcription. The results showed that 18 NPC-specific SE genes all had the upper PCR bands (sequence including the alternatively used exon by NPCs) either being detected specifically in NPC samples or showing relatively higher ratios in NPCs comparing to neurons (Fig. 3A) . On the other hand, 16 neuron-specific SE genes showed a reverse pattern: the upper PCR bands (sequence including the alternatively used exon by neurons) either expressed specifically in neurons or had higher ratios in neurons comparing to NPCs (Fig. 3B) . The 3 genes having SE events in both cell types showed opposite patterns in NPCs and in neurons (Fig. 3C ). All together, these RT-PCR results were consistent with the differential AS events between NPCs and neurons identified from deep sequencing.
To gain insights into the potential functions of the differential AS events, we performed DAVID bioinformatics analyses (DAVID 6.8). Gene ontology analyses showed that the top biological processes in neuron-specific AS were microtubule cytoskeleton organization, cell migration and nervous system development ( Fig. 4A and B; Supplementary Table S3 ), functions important for morphogenesis and migration. The top biological processes in NPC-specific AS were retrograde transport (protein transport from endosome to Golgi), covalent chromatin modification and nervous system development ( Fig. 4A and B ; Supplementary Table S3), functions crucial for recycling of membrane proteins or gene expression regulation. KEGG pathway analyses showed that ErbB signaling pathway (P-value: 0.0051) was at the top in neuron-specific AS events (Fig. 4C and Supplementary Table S3 ). Within NPC-specific AS events, adherens junction pathway (P-value: 0.0015) was the main pathway highlighted ( Fig. 4C and Supplementary Table S3 ).
Discussions
Using purified NPCs and progeny neurons from the embryonic mouse cortices, we examined the dynamics changes of AS between NPCs and neurons by deep sequencing. Our RNA-seq data uncovered over 200 differential AS events between the 2 cell types, with skipped exons (SE) the major form of AS event occurring in cortical neurogenesis. RT-PCR using RNAs isolated from purified NPCs and neurons further validated the specific AS events suggested by the sequencing results, providing a foundation for further study of the potential mechanism and function of these differential AS events in neurogenesis. Gene ontology analyses revealed some clues on what might be the function of these identified AS events. Among neuron-specific AS events, genes involved in microtubule cytoskeleton organization and cell migration were the most prominent. This suggested that neuron-specific AS might be involved in neuronal morphogenesis including neurite outgrowth, dendritogenesis, or synapse formation/plasticity. The top emergence of the ErbB pathway among neuron-specific AS appeared to be consistent with this thought. ErbB signaling pathway has been implicated in regulating the assembly of neural circuitry, myelination, neurotransmission, and synaptic plasticity (Mei and Nave 2014) . Among NPC-specific AS events, genes involved in retrograde endosome to Golgi transport and covalent chromatin modification were the most prevalent. This indicated that NPCspecific AS might be involved in certain important functions of Total-1, -2 were unsorted duplicate samples of total cortical cells derived from the E15.5 cortices. (B) 16 neuron-specific SE events were tested. In all genes, the upper PCR bands (sequence including the alternatively used exon by neurons) either expressed specifically in neurons or had higher ratios in neurons comparing to NPCs.
(C) The 3 genes having SE events in both cell types showed opposite patterns of the 2 differentially used exons in NPCs and in neurons.
NPCs. Retrograde transport from endosome to Golgi regulates recycling of membrane proteins, which might be important for maintaining a proper proliferating state of NPCs, as cycling cells would require disassembly and reassembly of membrane proteins during cell divisions. Chromatin remodeling can impact gene expression and cell fate maintenance and has been implicated with important functions during neural progenitor development (Lomvardas and Maniatis 2016) . The observation of adherens junction pathway as the top pathway in NPC-specific AS seemed to also agree with the idea. Proteins associated with adherens junctions are documented to regulate NPC functions in the developing cerebral cortex (Rasin et al. 2007; Lehtinen and Walsh 2011) . While the specific functions and mechanisms of regulation of the characterized individual neuron-or NPC-specific AS events require further investigation, our data collectively indicated that the cell type-specific AS events in NPCs or neurons are functionally important for the corresponding cell type.
Using a Tbr2-EGFP transgenic reporter mouse strain, Zhang et al. (2016) recently isolated EGFP -(designated as NPCs) and EGFP + (designated as neurons) cells from the E14.5 mouse cerebral cortex and analyzed differential AS events between these 2 cell groups. A partial list of the identified AS events (63 genes/ events) was presented in Zhang's study , among which 26 events overlapped with our dataset (data not shown). Within the group of AS events (33 genes/events) that was validated by RT-PCR in Zhang's study, 16/33 events were found in our dataset ( Supplementary Fig. S1 ). These partial overlaps of the differential AS events may be attributed to different populations of cells employed in RNA-seq, or different algorithms used for data analyses, or both. In Zhang's study, Tbr2-EGFP negative cells contained radial glial cells (RGCs, the primary progenitor cells of the cortex) as well as interneurons (Liu et al. 2016 ) and likely other cell types, while Tbr2-EGFPexpressing cells included projection neurons and intermediate progenitor cells (IPCs). In this study, the Nestin-GFP/Dcx-mRFP dual reporter system provided co-isolation of NPCs (GFP 
